An average contact resistance of a COG joint bonded with 48Sn-52In solder was characterized using daisy chain structure. The average contact resistances of the 48Sn-52In solder joint of 29 mm diameter and 14 mm height were 132 m/bump, 28.5 m/bump, and 8.6 m/bump on Ti(0.1 mm)/Cu(1.5 mm), Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm), and Ti(0.1 mm)/Cu(3 mm)/Au(0.1 mm) UBMs, respectively. Such difference in the average contact resistance of the 48Sn-52In solder joint on each UBM could be attributed to partial oxidation of the Cu UBM layer during solder evaporation and a difference of the thickness of the Cu UBM layer remaining underneath the intermetallic compounds after soldering.
Introduction
Liquid crystal display (LCD) has been widely used as a flat panel display for cellular phones, personal digital assistants (PDAs), notebook computers, and televisions because of its low power consumption, slim size, and lightness. [1] [2] [3] [4] Chipon-glass (COG) technologies using an anisotropic conductive film (ACF) or solder bumps have been investigated to attach an IC chip directly on a glass substrate of a LCD panel. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] COG technologies can accommodate high density and fine pitch interconnection between the LCD panel and the driver IC, reduce an interconnect distance, and make the LCD devices thinner and smaller. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Compared to the COG process with ACF where conducting particles are randomly distributed in an adhesive film, the COG process using solder bumps has several advantages such as low contact resistance of the solder joint and self-alignment during reflow of solder. 13, 14) Such advantages of the COG process using solder bumps become valid for fine pitch interconnection of the driver IC on the LCD panel.
For the COG process using solder bumps, the IC chip and the LCD panel have to be heated to the reflow temperature of the solder bumps. Thus, it is necessary to use low melting solders such as Sn-In, Sn-Bi, Ag-In in order to prevent damage of the LCD panel during solder reflow process. [12] [13] [14] In spite of the advantages of the COG process using solder bumps, a few works have been reported for the COG process using low melting solders and the contact resistance of the solder joint of the COG structure. [12] [13] [14] In this study, COG bonding was conducted using 48Sn-52In (mass%) solder bumps on three different under bump metallurgies (UBMs) of Ti(0.1 mm)/Cu(1.5 mm), Ti(0.1 mm)/ Cu(1.5 mm)/Au(0.1 mm), and Ti(0.1 mm)/Cu(3 mm)/Au(0.1 mm), and the average contact resistance of the COG joint bonded with 48Sn-52In solder was characterized on each UBM.
Experimental
To measure the average contact resistance of the COG joint bonded with the 48Sn-52In solder, daisy chain structure containing maximum 132 solder joints of 150 mm pitch was fabricated by flip chip bonding of a Si chip to a glass substrate. Figure 1 depicts a schematic illustration of the daisy chain configurations in the Si chip and the glass substrate where 1 and 2 represent metallization conductor lines and 3 indicates the solder joint area.
Daisy chain structure was produced on a Si wafer and a glass substrate using the fabrication steps in Fig. 2 . Three different metallizations of Ti(0.1 mm)/Cu(1.5 mm)/Ti(0.1 mm), Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm)/Ti(0.1 mm), and Ti(0.1 mm)/Cu(3 mm)/Au(0.1 mm)/Ti(0.1 mm) were sputterdeposited and patterned to form the daisy chain conductor of the Si chip and the glass substrate. In such metallizations, the top Ti layer was formed as a solder mask to limit solder flow on the daisy chain conductor. Then, three different UBMs of Ti(0.1 mm)/Cu(1. * Graduate Student, Hongik University 48Sn-52In solder was evaporated on each UBM of the Si chip and reflowed at 150 C for 1 min to form 48Sn-52In solder bumps shown in Fig. 3 . To make COG joint, a Si chip with 48Sn-52In solder bumps was aligned and flip-chip bonded at 150 C for 1 min to UBM pads of 22 mm diameter on a glass substrate. The average diameter and height of a COG joint were 29 mm and 15 mm, respectively.
Microstructure of the solder bump formed on the Si chip was observed using scanning electron microscopy (SEM). Compositions of intermetallic compounds (IMCs) formed by reactions between 48Sn-52In and each UBM were analyzed with energy dispersive spectroscopy (EDS). The average contact resistance of the 48Sn-52In solder joint in the COG bonded daisy chain structure was evaluated using eq. (1) where R is the total resistance measured in the daisy chain, R 1 is the line resistance between a solder joint and a pad for electrical measurement, R 2 is the line resistance between two solder joints, R c is the contact resistance of a solder joint, and n is the number of the solder joints in the daisy chain. Figure 4 illustrates a cross-sectional SEM micrograph of the 48Sn-52In solder bump reflowed at 150 C for 1 min on Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBM of the Si chip. The diameter and the height of the solder bump were 26 mm and 22 mm, respectively. As reported by others, 15) microstructure of the 48Sn-52In solder bump in Fig. 4 consisted of an Inrich phase (In-16 mass% Sn) and a Sn-rich phase (Sn-28 mass% In) of which compositions were characterized using EDS. Figure 4 also shows that two different IMCs, Cu 6 (Sn,In) 5 and AuIn 2 , were formed and the Cu layer of the Ti(0.1 mm)/ Cu(1.5 mm)/Au(0.1 mm) UBM was almost completely consumed to Cu 6 (Sn,In) 5 IMCs by solder reaction during reflow at 150 C for 1 min. Although the stacked sequence of UBM layers and solder was Ti/Cu/Au/solder and thus the reaction between Au and 48Sn-52In occurred prior to one between Cu and 48Sn-52In, AuIn 2 IMCs were formed between Cu 6 (Sn,In) 5 IMCs in Fig. 4 . As it has been reported for Au-In thin film couple that formation of AuIn 2 occurred extremely fast even at room temperature, 16) island-type AuIn 2 IMCs were formed by selective reaction between Au of the Ti/Cu/Au UBM and In of the 48Sn-52In solder 17) at the early stage of the reflow process or even before the reflow process. 16) As AuIn 2 is stable and does not dissolve in molten In, 18) it would not be dissoluble to the 48Sn-52In molten solder. Then, Sn and In of the molten solder reacted with Cu of the UBM through the island-type AuIn 2 and formed Cu 6 (Sn,In) 5 IMCs above and below AuIn 2 IMCs, as shown in Fig. 4 . 5 Ti/Cu/Au/Ti Contact Resistance of the Chip-on-Glass Bonded 48Sn-52In Solder Joint Figure 5 illustrates the daisy chain resistance that is the total resistance R in eq. (1) as a function of the number of 48Sn-52In solder joints in the daisy chain structure. For all daisy chain specimens formed on three different UBMs of Ti(0.1 mm)/Cu(1.5 mm), Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm), and Ti(0.1 mm)/Cu(3 mm)/Au(0.1 mm), the daisy chain resistance R increased linearly with increasing the number of solder bumps. Such increase in the daisy chain resistance R was attributed not only to the increase in the total contact resistance (n Â R c ) of the solder joints, but also to the increase in the total line resistance [ðn À 1Þ Â R 2 ] between solder joints (Fig. 1 and eq. (1) ). The average contact resistance R c of the solder joint and the line resistances R 1 , R 2 in the daisy chain were obtained with eq. (1) and listed in Table 1 for three different metallizations.
Results and Discussion
In Table 1 , the line resistances R 1 and R 2 of the daisy chains with Ti(0.1 mm)/Cu(1.5 mm) and Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) were similar and twice to those measured for the thick Ti(0.1 mm)/Cu(3 mm)/Au(0.1 mm) metallization. This result indicates that the line resistances R 1 and R 2 in the daisy chain structure were determined mainly by the Cu metallization thickness, and confirms that the average contact resistance R c of the solder joint could be successfully separated from the line resistances R 1 and R 2 using eq. (1). Thus, the difference in the average contact resistance R c on each UBM was solely based on the different interaction between the 48Sn-52In solder bump and each UBM. While the average contact resistance R c of the 48Sn-52In solder joint on Ti(0.1 mm)/Cu(1.5 mm) UBM was evaluated as 132 m/bump, much low value of 28.5 m/bump was measured for the 48Sn-52In solder joint on Ti(0.1 mm)/ Cu(1.5 mm)/Au(0.1 mm) UBM. The average contact resistance was further reduced to 8.6 m/bump on Ti(0.1 mm)/ Cu(3 mm)/Au(0.1 mm) UBM. Such contact resistances, especially obtained on Ti/Cu/Au UBMs, were much lower than a few hundred m/bump reported for the COG process using the conventional ACF. 7, 11, 19) To understand why the average contact resistance R c of the 48Sn-52In solder joint was so different on Ti(0.1 mm)/ Cu(1.5 mm) and Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBMs, the 48Sn-52In solder bumps reflowed on each UBM were completely etched away to reveal the IMCs formed at the solder/UBM interface. Figures 6(a) and (b) show the SEM micrographs of the IMCs formed on Ti(0.1 mm)/Cu(1.5 mm) and Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBMs, respectively. While IMCs were observed on the whole area of the Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBM, the Ti(0.1 mm)/ Cu(1.5 mm) UBM was only partially covered with IMCs, indicating that solder-UBM reaction did not occur uniformly on the whole area of the Ti(0.1 mm)/Cu(1.5 mm) UBM during reflow process. In this work, the 48Sn-52In solder to form the solder bumps was deposited using thermal evaporation. During such solder evaporation, Cu oxidation might occur on local area of the Ti(0.1 mm)/Cu(1.5 mm) UBM, resulting in the local hindrance of the solder-UBM reaction during subsequent solder reflow. On the other hand, the 0.1 mm-thick Au layer of the Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBM prevented Cu oxidation during solder evaporation, 20) resulting in the low average contact resistance R c of the solder joint.
As shown in Table 1 , the average contact resistance R c was further lowered from 28.5 to 8.6 m/bump with increasing the Cu layer thickness in Ti/Cu/Au UBM from 1.5 to 3 mm. During reflow of the 48Sn-52In on Ti/Cu/Au UBM, the Au layer reacts firstly with the solder and then the Cu layer is consumed by solder reaction with formation of the Cu 6 (Sn,In) 5 IMCs. To measure the consumed Cu thickness during reflow of 48Sn-52In solder, samples were prepared by dropping a 48Sn-52In solder bead on 0.1 mm Ti/8 mm Cu UBM of 1cm Â 1 cm in heated rosin flux at 150 AE 3 C for a duration time of 1, 5, 10, and 20 min. The reflowed samples were polished and etched using the etchant composed of Table 1 Line resistances R 1 , R 2 and average contact resistance R c of COG bonded with 48Sn-52In solder on each UBM. 10 ml HF, 10 ml H 2 O 2 , and 80 ml H 2 O to expose Cu 6 (Sn,In) 5 IMCs at the solder/UBM interface. Figure 7 illustrates that the thickness of the Cu UBM consumed during reflow of the 48Sn-52In solder at 150 C for 1 min is 1.4 mm. Thus, the Cu layer of the Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBM on both the Si chip and the glass substrate was almost consumed after the COG bonding process of the daisy chain structure, while the Cu layer of the thick Ti(0.1 mm)/Cu(3 mm)/ Au(0.1 mm) UBM still remained. As shown in Fig. 8 , this could be confirmed with SEM micrographs of the 48Sn-52In solder bumps reflowed on each UBM.
Since the current flow from metallization line to the solder bump occurs through two pathways of conductor line ! UBM ! IMC ! solder and metallization line ! IMC ! solder, the equivalent circuit for the lower half of the solder joint shown in Fig. 9 (a) can be described as Fig. 9(b) and the contact resistance R c of the solder joint can be expressed as eq. (2). In eq. (2), R solder is the resistance of the solder bump, R pad is the resistance of the pad composed of UBM and IMC, R IMCðlÞ is the resistance of IMC along its longitudinal direction, R IMCðtÞ is the resistance of IMC along its thickness direction, and R UBMðtÞ is the resistance of UBM along its thickness direction.
Assuming that the Cu 6 (Sn,In) 5 IMC has a simple geometrical shape of 22 mm diameter and 1.5 mm thickness, the resistance of IMC along its thickness direction, R IMCðtÞ , is much smaller than R IMCðlÞ along its longitudinal direction. Then, the pad resistance R pad in eq. (2) is determined mainly by R IMCðlÞ and R UBMðtÞ which in turn depend on the thickness of the Cu UBM layer and the Cu 6 (Sn,In) 5 IMC as well as their resistivities. The resistivities of the Cu 6 (Sn,In) 5 IMC and the Cu UBM layer were evaluated as 19.9 m-cm and 3.3 m-cm, respectively, using their sheet resistances. To measure the sheet resistance of Cu 6 (Sn,In) 5 , the 48Sn-52In solder bump was reflowed for 30 min to ensure the formation of thick Cu 6 (Sn,In) 5 IMC and the solder bump was completely etched off to expose the Cu 6 (Sn,In) 5 IMC underneath. The resistivity of 19.9 m-cm measured for Cu 6 (Sn,In) 5 is a reasonable value, considering the resistivities reported for other IMCs (8.93 m-cm for Cu 6 Sn 5 , 17.5 m-cm for Cu 3 Sn, and 28.5 m-cm for Ni 3 Sn 4 ). 21) As the resistivity of the Cu 6 (Sn,In) 5 IMC is much larger than that of Cu, the pad resistance R pad in eq. (2) becomes critically dependent upon the thickness of the Cu UBM layer remaining underneath the IMCs after reflow of 48Sn-52In solder. As shown in Fig. 8 , almost all the Cu layer of the Ti(0.1 mm)/Cu(1.5 mm)/ Au(0.1 mm) UBM was consumed by soldering, causing substantial increase in R pad and in turn the average contact resistance R c of the solder joint to 28.5 m/bump. On the contrary, about half of the Cu layer in the Ti(0.1 mm)/ Cu(3 mm)/Au(0.1 mm) UBM remained underneath the IMCs, resulting in low R pad and consequently low average contact resistance R c of 8.6 m/bump.
Conclusions
The chip-on-glass (COG) bonding was accomplished at 150 C with 48Sn-52In solder bumps of 29 mm diameter and 14 mm height. The average contact resistances of the 48Sn-52In solder joint were evaluated as 132 m/bump, 28.5 m/ bump, and 8.6 m/bump on Ti(0.1 mm)/Cu(1.5 mm), Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm), and Ti(0.1 mm)/Cu(3 mm)/ Au(0.1 mm) UBMs, respectively.
The difference in the average contact resistances of the 48Sn-52In solder joints with Ti(0.1 mm)/Cu(1.5 mm) and Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBMs was caused by partial oxidation of the Cu UBM layer in Ti(0.1 mm)/ Cu(1.5 mm) UBM during thermal evaporation of the 48Sn-52In solder. The 0.1 mm-thick Au layer of Ti(0.1 mm)/ Cu(1.5 mm)/Au(0.1 mm) UBM prevented Cu oxidation during solder evaporation, resulting in the low contact resistance of the solder joint.
The average contact resistance of the 48Sn-52In solder joint was lowered from 28.5 to 8.6 m/bump with increasing the Cu layer thickness in the Ti/Cu/Au UBM from 1.5 to 3 mm. The difference in the average contact resistance on each UBM could be attributed to R pad , resistance of the pad composed with IMC and UBM. While most of the Cu layer in Ti(0.1 mm)/Cu(1.5 mm)/Au(0.1 mm) UBM was consumed by solder reaction, about half of the Cu layer in Ti(0.1 mm)/ Cu(3 mm)/Au(0.1 mm) UBM remained underneath the IMC, resulting in low R pad and consequently low contact resistance of 8.6 m/bump. The resistivity of Cu 6 (Sn,In) 5 IMC, 19.9 m-cm, was much higher than 3.3 m-cm of the Cu layer in the UBM.
